Pyrrolysine, the twenty-second amino acid found to be encoded in the natural genetic code [1] [2] [3] [4] , is necessary for all of the known pathways by which methane is formed from methylamines 5, 6 . Pyrrolysine comprises a methylated pyrroline carboxylate in amide linkage to the e-amino group of L-lysine 2, 7, 8 . In certain Archaea, three methyltransferases initiate methanogenesis from the various methylamines [9] [10] [11] , and these enzymes are encoded by genes with an in-frame amber codon 12, 13 that is translated as pyrrolysine 2, 7, 8 . Escherichia coli that has been transformed with the pylTSBCD genes from methanogenic Archaea can incorporate endogenously biosynthesized pyrrolysine into proteins 14 . The decoding of UAG as pyrrolysine requires pylT 1, 6 , which produces tRNA Pyl (also called tRNA CUA ), and pylS 1 , which encodes a pyrrolysyl-tRNA synthetase 4, 15, 16 . The pylB, pylC and pylD genes 1 are each required for tRNA-independent pyrrolysine synthesis 14 . Pyrrolysine is the last remaining genetically encoded amino acid with an unknown biosynthetic pathway. Here we provide genetic and mass spectrometric evidence for a pylBCD-dependent pathway in which pyrrolysine arises from two lysines. We show that a newly uncovered UAGencoded amino acid, desmethylpyrrolysine, is made from lysine and exogenous D-ornithine in a pylC-dependent process followed by a pylD-dependent process, but it is not further converted to pyrrolysine. These results indicate that the radical S-adenosyl-L-methionine (SAM) protein PylB mediates a lysine mutase reaction that produces 3-methylornithine, which is then ligated to a second molecule of lysine by PylC before oxidation by PylD results in pyrrolysine. The discovery of lysine as the sole precursor to pyrrolysine will further inform discussions of the evolution of the genetic code and amino acid biosynthetic pathways. Furthermore, intermediates of the pathway may provide new avenues by which the pyl system can be exploited to produce recombinant proteins with useful modified residues.
In previously proposed pathways of pyrrolysine biosynthesis, lysine is ligated to a ring precursor derived from other cellular metabolites such as ornithine, glutamic acid, proline or isoleucine 5, 14, 17 . The results presented here instead support the pathway shown in Fig. 1 . We used E. coli transformed with the genes from the Methanosarcina acetivorans gene cluster pylTSBCD and the Methanosarcina barkeri gene mtmB1 (ref. 16) , demonstrating, by stable isotopic labelling and mass spectrometry (MS) experiments, that lysine is the only precursor to pyrrolysine. The gene mtmB1 encodes the pyrrolysine-containing protein MtmB, which is the predominant monomethylamine methyltransferase of M. barkeri 13 . Pyrrolysine in MtmB is proposed to bind to, and activate, methylamines for methyl group transfer to a cognate corrinoid protein 2, 5 . There is no known pathway by which E. coli degrades lysine into central metabolites, and E. coli strain BL21 mainly incorporates lysine into proteins or decarboxylates it to cadaverine 18 . Using this strain of E. coli therefore allows analysis of the incorporation of lysine into pyrrolysine-containing peptides without the need for extensive time courses, because peptide ions that do not contain lysine will be unlabelled.
Chymotryptic digests of MtmB after incubation with 13 C 6 15 N 2labelled lysine at 99% enrichment were analysed by MS, using protocols for accurate peptide mass determination, as well as tandem MS for determining peptide sequences and residue masses ( Table 1 and Supplementary Tables 1-3 ). The MtmB peptide 194-AGRPGMGVOGPETSL-208, where O (at amino acid position 202) is pyrrolysine, has been studied previously 8 and was readily observed as multiple ions in unlabelled controls. By contrast, digests of labelled MtmB contained no detectable unlabelled pyrrolysine-containing peptide, but a single labelled peptide was observed as multiple ions with m/z values within 2.5-5.4 p.p.m. of the theoretical value for the pyrrolysine-containing peptide, but with a 15-Da mass shift (equivalent to 12 atoms of 13 C and 3 of 15 N). Tandem spectra revealed that the increased mass was due to the pyrrolysyl residue uniformly labelled with 13 C and 15 N.
As the experiment described above shows, the pyrrolysyl residue (C 12 H 19 N 3 O 2 ) is made solely from lysine; one amine group must be eliminated from one of the two lysines that form the lysyl chain and ring. To identify which of the two amine groups of lysine is lost, the way in which 95%-enriched [a-15 N]lysine or [e-15 N]lysine is incorporated into the pyrrolysyl residue was ascertained. With [a-15 N]lysine, both the accurate peptide mass and residue mass indicated incorporation of two 15 N nuclei into pyrrolysine. By contrast, with [e-15 N]lysine, the data supported incorporation of a single 15 N atom into pyrrolysine ( Table 1 and Supplementary Tables 4 and 5 ). In directed searches, these labels were not observed to be incorporated into the pyrrolysinecontaining peptide at different levels. Therefore, the e-amine group from one lysine must be eliminated to make pyrrolysine, presumably to form the ring with its single imine bond.
The biosynthesis of pyrrolysine with lysine as a sole precursor led us to examine a report in which D-ornithine was shown to stimulate UAG read-through in E. coli carrying pylTSBCD and in which it was proposed to be an intermediate in pyrrolysine formation 19 . In the presence of pylTSBCD,D-ornithine but not L-ornithine increased UAG read-through in mtmB1 RNA ( Supplementary Fig. 1 ), indicating that the formation of D-ornithine or a derivative might limit UAG translation, possibly through limiting the biosynthesis of UAG-encoded residues. Strains lacking any one of pylB, pylC or pylD cannot synthesize pyrrolysine 14 , but this proved untrue for D-ornithine-mediated stimulation of UAG translation. E. coli that had pylC and pylD but not pylB was capable of significant D-ornithine-dependent synthesis of full-length MtmB (Fig. 2) , indicating that the effect of the lack of pylB on UAG-encoded residue formation could be overcome by the addition of D-ornithine.
Chymotryptic digests of MtmB, from E. coli carrying pylTSBCD and grown in media supplemented with D-ornithine, contained ions of 194-AGRPGM/M ox GVOGPETSL-208 (where M ox is methionine sulphoxide), with O202 having the pyrrolyl residue mass of 237 Da (Table 1 and Supplementary Tables 6 and 7) . However, ions corresponding to 194-AGRPGMGVXGPETSL-208, where X202 corresponds to a new UAG-encoded residue, were also observed ( Table 1 , Supplementary Table 6 and Supplementary Fig. 2 ). The observed peptide masses averaged 14.0185 6 0.0027 Da (mean 6 s.d.) less than the theoretical mass of corresponding pyrrolysine-containing peptides, and tandem MS corroborated a UAG-encoded residue mass of 14 Da less than that of pyrrolysine (Table 1 , Supplementary Table 6 and Supplementary Fig. 2 ). This mass difference is equivalent to the substitution of a proton for a methyl group, indicating that the residue is desmethylpyrrolysine ( Fig. 3 ). Using the desmethylpyrrolysyl residue elemental formula (C 11 H 17 N 3 O 2 ) yields a peptide theoretical m/z value of 776.4010 21 , which is within 1.8-3.7 p.p.m. of observed m/z values. This assignment explains the significant charging of tRNA Pyl 
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with desmethylpyrrolysine in vivo, as lysylated ring compounds are necessary for substantial charging of tRNA Pyl by PylS [20] [21] [22] . Ions corresponding to 194-AGRPGMGVO*GPETSL-208, where O*202 is desmethylpyrrolysine, were readily detected in digests of MtmB synthesized in E. coli carrying pylTSCD (lacking pylB), and the residue mass of desmethylpyrrolysine was observed on tandem MS of this ion (Table 1 and Supplementary Table 6 ). However, a pyrrolysine-containing peptide ion could not be detected in digests of MtmB from cells lacking pylB, confirming that pylB is required for producing pyrrolysine but not desmethylpyrrolysine.
If D-ornithine and desmethylpyrrolysine are intermediates in pyrrolysine formation, both desmethylpyrrolysine and pyrrolysine should incorporate D-ornithine. Isotopically labelled DL-ornithine and D-ornithine could not be obtained; therefore, isotopic dilution experiments were undertaken using 13 C 6 15 N 2 -labelled lysine and D-ornithine (Table 1 , Supplementary Table 8 and Supplementary Fig. 2 ). Recombinant MtmB produced in the presence of heavy lysine and D-ornithine was subjected to chymotryptic digestion and MS analysis. The labelled pyrrolysine-containing peptide was readily identified, having a mass shift of 15 Da owing to complete biosynthesis of the pyrrolysyl residue from lysine. Ions indicating that pyrrolysine was unlabelled, or was labelled with fewer than 15 heavy nuclei, were sought but were not observed. The 8-Da mass shift of the desmethylpyrrolysine-containing peptide ion and the desmethylpyrrolysyl residue in tandem MS revealed incorporation of the equivalent of an intact 13 C 6 15 N 2 -labelled lysine skeleton. The observed m/z values for the peptide fit the theoretical value for this assignment with an error of less than 0.8 p.p.m. No desmethylpyrrolysine-containing peptides with different contributions from labelled lysine could be identified. Thus, unlike pyrrolysine, desmethylpyrrolysine is synthesized with the equivalent of only one lysine, consistent with the formation of the amide linkage between lysine and the ring precursor made from D-ornithine.
As PylC is a member of the carbamoyl phosphate synthetase family of proteins, which forms amides between carbon dioxide (or carboxyl groups) and ammonia (or amine groups) 1,23 , we proposed that PylC ligates the Ne of lysine to the carboxyl group of D-ornithine as the first step in the formation of desmethylpyrrolysine (Fig. 3) . To test this idea, extracts of E. coli transformed with the plasmid pK18 (which carries pylC but no other pyl genes) were examined, and an ion with a m/z of 261.1915 was detected. The corresponding mass is 2.3 p.p.m. removed from the theoretical mass predicted for C 11 H 24 N 4 O 3 , which is the empirical formula of D-ornithyl-Ne-lysine ( Supplementary Fig. 3 ). This signal was undetectable in pylC-carrying cells that had not been incubated with D-ornithine and was also dependent on the presence of pylC in the recombinant strain as shown by a comparison with vectoronly controls. Similar experiments with E. coli carrying pylD (but no other pyl genes) yielded no evidence of D-ornithine oxidation (data not shown). However, PylD contains a region that is highly similar to the NAD-binding folds of several dehydrogenases 23 , and iterative PSI-BLAST (National Center for Biotechnology Information) uncovered significant similarity between PylD and several amino acid dehydrogenases, yielding alignments with expect (E) values as low as 10 295 . Given that pylD is required for desmethylpyrrolysine synthesis, the relationship between PylD and amino acid dehydrogenases is consistent with PylD having a function in oxidation of the d-amine of the D-ornithyl residue of D-ornithyl-Ne-lysine, leading to spontaneous dehydration to form desmethylpyrrolysine (Fig. 3) .
If desmethylpyrrolysine is an intermediate in pyrrolysine formation, then methylation of the ring would be the last step of synthesis. As pyrrolysine can be formed entirely from lysine, this possibility implies that lysine would first be used to make D-ornithine to form the pyrroline ring, which would then be lysylated to form desmethylpyrrolysine, which would, in turn, be methylated with a methyl group also derived from lysine. This is unprecedented and unlikely biochemistry, and no data support D-ornithine being a precursor of pyrrolysine. Furthermore, as an intermediate, desmethylpyrrolysine would function as a competitor for pyrrolysine ligation to tRNA Pyl , resulting in a mixture of O and O*, but this mixture is not found in native MtmB 8 . Desmethylpyrrolysine is thus likely to be a pyrrolysine analogue that is made with an analogue (D-ornithine) of an intermediate in the pathway.
A much more tenable model for the conversion of lysine to the methylated pyrroline ring of pyrrolysine is the rearrangement of lysine to (3R)-3-methyl-D-ornithine via a lysine mutase reaction, thus generating the D-ornithine derivative that is a substrate for ligation to lysine by PylC (Fig. 1) . PylB is a radical SAM protein 23 , and such proteins are known to function as lyases, reductases and mutases 24 . As the PylB requirement for production of a residue for UAG translation in E. coli can be overcome with D-ornithine, PylB is proposed to function in vivo as the lysine mutase in the above model. Certain vitamin-B 12 -dependent enzymes carry out amino acid mutase reactions with inversion of the configuration of chiral centres 25 , and PylB operating as a lysine mutase could potentially give rise to the R chiral centres of the pyrroline ring, even using L-lysine as substrate, in a radical mechanism dependent on SAM. The pathway explains the loss of the Ne amine from one lysine during pyrrolysine biosynthesis, as the Ne of one lysine would become the d-amino group of the methylornithine intermediate that is oxidized to form the imine bond of the ring.
Hypotheses of how the genetic code evolved are sometimes interwoven with those of how biosynthetic pathways evolved. For example, the co-evolution theory considers that families of amino acids arising from a common precursor have non-randomly similar codon assignments 26 . The finding that pyrrolysine is entirely a derivative of lysine firmly identifies it as part of the aspartic acid family in Bacteria and Archaea and places its codon within those of that family of amino acids 26 . The identification of the precursor and intermediate analogues of the pyrrolysine and desmethylpyrrolysine pathways may have a more applied outcome. In recent years, the pylS and pylT genes have been used to introduce useful modified residues into recombinant proteins 22, [27] [28] [29] . Synthetic analogues of pyrrolysine intermediates, such as D-ornithine derivatives, may provide a route by which wild-type or modified PylC and PylD can endogenously biosynthesize pyrrolysine derivatives with desired properties for incorporation into tailored recombinant proteins.
METHODS SUMMARY
E. coli BL21 Tuner(DE3) (Novagen) was transformed with the plasmid pK13, pK14, pK15 or pK16 (ref. 14) or with the parent vector pACYCDuet-1 (Novagen). These transformed E. coli were then transformed with the plasmid pDLBADHis 14 carrying the M. barkeri gene encoding MtmB with a carboxyterminal hexahistidine sequence. For labelling, exponential phase cultures grown in defined medium containing the 20 common amino acids were resuspended in fresh medium with or without 5 mM D-ornithine and with isotopic forms of lysine. Then, expression of pylTSBCD and mtmB1 was induced, and MtmB was detected by immunoblotting 14 . Urea-solubilized MtmB was purified by affinity chromatography before in-gel chymotryptic digestion 4, 8 . Capillary liquid chromatography and tandem MS were carried out using an LTQ Orbitrap XL mass spectrometer (Thermo Scientific). Tandem MS data were acquired with a microspray source (Michrom Bioresources) with a spray voltage of 2 kV and a capillary temperature of 175 uC. The scan sequence of the mass spectrometer was based on the Top10 method with an MS scan between 300 Da and 2,000 Da followed by ten consecutive MS/MS scans of the ten most abundant peaks to generate product ion spectra. The resolution of the full scan on the LTQ Orbitrap was set at 30,000 for determinations of high mass accuracy. MS/MS scans were then performed in ion trap mode to obtain higher signal intensity, which allows better peptide sequencing but reduces mass accuracy. The RAW data files collected by the mass spectrometer were converted to mzXML and MGF files using MassMatrix tools 30 (http://www.massmatrix.net). Data were later searched with MassMatrix 30 for peptides containing pyrrolysine or its derivatives. For detection of D-ornithyl-Ne-lysine, E. coli carrying pK18 (derived by EagI digestion of pK16 and religation to delete pylB) was grown to the exponential phase in the presence of 10 mM D-ornithine and lysine and was then induced with isopropyl-b-D-thiogalactoside 14 before extraction with hot aqueous methanol at 70 uC. The clarified extract was acidified before microspray ionization and introduction into the LTQ Orbitrap.
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